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Abstract—This paper describes recent advances in the design
and control of femtosecond laser combs for their use in optical
clocks and in the synthesis of low-noise microwave and optical
signals. The authors present a compact and technically simple
femtosecond laser that directly emits a broad continuum and
shows that it can operate continuously on the timescale of days as
the phase-coherent “clockwork” of an optical clock. They further
demonstrate phase locking of an octave-spanning frequency comb
to an optical frequency standard at the millihertz level. As verified
through heterodyne measurements with an independent optical
frequency standard, this provides a network of narrow optical
modes with linewidths at the level of 150 Hz, presently limited
by measurement noise. Finally, they summarize their progress in
using the femtosecond laser comb to transfer the stability and low
phase-noise optical oscillators to the microwave domain.

Index Terms—Frequency metrology, frequency synthesis,
optical clocks, ultrafast optics and lasers.

I. INTRODUCTION

SINCE femtosecond lasers were introduced into the field
of optical frequency metrology about four years ago [1],

[2], they have become indispensable tools in this exciting and
expanding area of research [3]–[5]. It is now widely accepted
that mode-locked femtosecond lasers will play a critical role
in the next generation of atomic clocks based on optical fre-
quencies [6], [7]. In this role, the femtosecond laser (sometimes
in conjunction with nonlinear optical fiber) serves as the “op-
tical clockwork” or “synthesizer” that phase-coherently divides
the uncountable rate of optical cycles to a countable microwave
frequency for subsequent use and comparison to existing stan-
dards. The connection between optical and microwave domains
is understood most readily in the frequency domain, where the
spectrum of the femtosecond laser consists of a comb of evenly
spaced modes with frequencies given by

(1)

Here, is the repetition frequency of the laser (typically
0.1 to 1 GHz), is an integer, and is a common offset
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frequency—sometimes called the carrier-envelope offset
frequency—due to dispersion in the laser cavity. We have
experimentally tested the validity of (1) [8], as have others [2],
[9]–[11], to uncertainties approaching one part in 10.

With these facts established, we have now begun to turn
our attention toward the more practical issue of actually
making a robust and reliable optical clockwork that functions
in a manner more akin to radio-frequency and microwave
synthesizers (e.g., a turnkey device that could readily operate
for days and weeks). In spite of its very desirable properties,
the nonlinear microstructure fiber used in conjunction with the
femtosecond laser is often found to be the weak point when
we consider the reliability of present optical clockworks. The
recent introduction of lasers that emit octave-spanning spectra
directly, and thereby circumvent the need for nonlinear spectral
broadening in microstructure fibers, is an important advance
toward a more reliable clockwork. Section II of this paper
describes our efforts in this direction. We present details of a
technically elegant broad-band femtosecond laser with 1-GHz
repetition rate and its use as an optical clockwork that does not
employ a microstructure optical fiber. As will be shown, this
system can be tightly phase locked to an optical oscillator for
periods approaching 1 day. With improved thermal control, we
expect this could be extended to indefinite periods.

On a second front, we continue to explore new opportuni-
ties that arise as our control of the femtosecond laser improves.
Specifically, while our earlier work has demonstrated that the
associated mode comb of the optical clockwork can be exceed-
ingly stable [8], we now show that we are able to make the
linewidthof the elements of the mode comb reproduce that of an
optical frequency standard at a level that begins to be interesting

150 Hz . Tight control of the octave-spanning optical comb
means that we can now envision the phase-coherent transfer of
not only the stability, but also the linewidth of a very narrow
optical oscillator to several hundred thousand comb elements
spanning the visible and near infrared spectrum. Such an array
of narrow optical oscillators would be a valuable general tool for
spectroscopy, and the tight phase control will also be critical for
the creation of low-noise microwave signals that are generated
by dividing down optical oscillators with the femtosecond op-
tical clockwork. It seems clear that in the near future the ultimate
stability and phase noise performance from any electromagnetic
oscillator will belong to a laser referenced to narrow atomic tran-
sitions. The challenging task of using the femtosecond laser to
transfer the properties of optical oscillators across the optical
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Fig. 1. Broad-band frequency comb of femtosecond laser can be viewed as
a general purpose optical frequency synthesizer. It can use either a microwave
(�-wave) or optical input reference that is phase-coherently linked to an optical
or microwave frequency at the output.

spectrum and to the microwave domain is presented in Sec-
tion III.

II. GENERATION AND CONTROL OF OCTAVE-SPANNING

SPECTRADIRECTLY FROM A FEMTOSECONDLASER

A femtosecond laser and its associated frequency comb can
be viewed as a general purpose extremely broad-band synthe-
sizer with either an optical or microwave frequency reference
(Fig. 1). As will be described below, the output of the synthe-
sizer can similarly be an optical or microwave frequency. To
accomplish this, it is required that both degrees of freedom of
the frequency comb be measured and controlled. Whereas this
task is easily solved for the repetition rateby monitoring the
pulse train with a sufficiently fast photodetector, it is more chal-
lenging to measure the offset frequencyof the comb. In the
most common scheme it is required that the laser is spectrally
broadened to cover more than one octave. Then one can employ
a so-called self-referencing technique [12] in which low-fre-
quency components of the fundamental spectrum are frequency
doubled and heterodyned with a spectrally matching high-fre-
quency slice to generate a beatnote at frequency. Starting
with the typical 20 nm bandwidth of a Ti:sapphire laser, spec-
tral broadening to more than an octave is easily accomplished
through self-phase-modulation in microstructured fibers [13].
While these fibers have performed amazingly well in all experi-
ments to date, they can present challenging technical limitations
on the ability to control the femtosecond laser over long periods.
Coupling of the light into their 1.7 m cores is difficult to
maintain for long times at a level where an octave of spectrum
is attained. Also, even in relatively clean labs we have found
that slow degradation of the fiber faces can occur, especially
when subject to high average powers. Because of the high non-
linearity employed, small fluctuations and drifts in the coupling
strongly modify the output spectrum and thereby decrease the
signal-to-noise ratio (SNR) in the subsequent optical beats. In
our experience, this typically limits reliable (hands-off) access
to and control of to a few hours. Beyond these technical lim-
itations, Corwin,et al.have also identified and studied noise of
a more fundamental nature (shot noise) that can be amplified to
exceedingly high levels in microstructured fibers and, thereby,
limit its utility [14].

A. Broad-Band Continuum Generation From a
Ti:Sapphire Laser

The development of femtosecond lasers that span a
broad-band continuum directly has circumvented the afore-
mentioned problems with spectral broadening in fibers. Two
practical routes toward shorter pulses and broader spectra in
a femtosecond oscillator have been used. One approach is to
engineer the group-delay dispersion (GDD) inside a resonator

Fig. 2. Cavity of the broad-band femtosecond laser. Pump laser is
focused through lensL (focal lengthf = 30 mm) into the 2-mm-long
Ti:sapphire crystal. Cavity is formed by the two concave mirrors M1 and M2
(f = 15 mm), the convex mirror M3(f = �0:5 m), and the output coupler
OC. Unidirectional output is indicated.

in a way that short pulses with extremely broad spectra do not
spread significantly in time during one cavity round trip. This
involves careful design of dispersive mirrors that have negative
GDD over the desired large bandwidth with low higher order
dispersion. Alternatively, one can allow higher order dispersion
in the resonator, but at the same time ensure that the leading and
trailing edges of the temporally spreading pulse are sufficiently
suppressed, such that only a short pulse remains stable in the
cavity. This can be achieved by an effective saturable absorber
or an instantaneous power-dependent gain, where both effects
are more generally called self-amplitude modulation (SAM).
The first approach has been taken with great success by Ell
et al. [15]. Their carefully dispersion-engineered resonator is
capable of generating spectra exceeding one octave with 5-fs
pulses at a 64-MHz repetition rate. With this laser it has been
possible to measure in a self-referencing scheme without
spectral broadening in fibers [16]. In contrast to that approach,
we have pursued the second route of employing stronger SAM
in a standard laser while the higher order dispersion character-
istics remained unchanged. We modified a ring oscillator that
has been used in the past to generate relatively narrow-band
( 30 nm) spectra [17].

The ring cavity of our 1-GHz repetition rate laser is sketched
in Fig. 2. A 2-mm-long Ti:sapphire crystal is placed at Brew-
ster’s angle between two concave mirrors M1 and M2 with ra-
dius of curvature of 30 mm. It is pumped through lens(focal
length 30 mm) by 8.5 W from a frequency-doubled Nd:YVO
laser. The resonator is completed by mirror M3 and the output
coupler OC. Mirrors M1–M3 have a negative dispersive coating
with a relatively narrow-band operating range from 750 to 850
nm and nonnegligible higher order dispersion outside this band.
As has been described by Bartelset al. [18], replacing the usual
flat mirror at position M3 with a convex mirror having a ra-
dius of curvature of 1 m leads to an increase of the self-in-
duced gain-modulation through the soft-aperture Kerr-lens ef-
fect. This presents stronger SAM in the cavity and acts to effi-
ciently “clean up” the pulse spreading inside the resonator that
is caused by higher order dispersion. Extraordinarily broad con-
tinuum emission has been achieved, and a typical unidirection-
ally mode-locked spectrum is shown in Fig. 3. It ranges from
approximately 630 to 945 nm at 10 dB below the maximum.
The corresponding average output power is 850 mW.

B. Linking the Broad-Band Femtosecond Laser to an
Optical Reference Oscillator

Compared to the earlier mentioned device presented by Ellet
al. [15], our laser has a lower peak power due to its much higher
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Fig. 3. Spectrum of the broad-band laser. It ranges from approximately 630 to
945 nm at�10 dB below its maximum. Total output power is 850 mW.

repetition rate, which makes the necessary nonlinear spectral
broadening less effective. Therefore, the low power in the spec-
tral wings of our spectrum is insufficient to employ the conven-
tional self-referencing scheme of beating the second harmonic
of an infrared part of the spectrum against a fundamental visible
part. We need to take a similar but slightly more complicated
route that was first realized by Morgneret al. [16] to measure

without broadening in a fiber. The idea is to frequency double
a spectral slice around the 622-nm wavelength, leading to fre-
quencies , and to frequency triple a spectral
slice around 933 nm, leading to frequencies ,
both around 311 nm. Under these conditions , and a
heterodyne beat between the ultraviolet (UV) beams then gives

.
The experimental setup to measureof our laser is shown

in Fig. 4. A beamsplitter (BS1) reflects the spectrum from
approximately 600 to 740 nm into the second harmonic
generation (SHG) arm of our nonlinear interferometer. The
remainder of the spectrum is transmitted through BS1 and
enters the third-harmonic generation (THG) arm. In the SHG
arm a 0.3-mm-thick type-I phase-matched-barium-borate
(BBO) crystal is angle-tuned to produce SHG light around 311
nm. In the THG arm, light is frequency tripled in two steps to
also produce 311-nm wavelength. We first frequency double
the infrared light in an angle-tuned 2-mm-thick crystal
to produce 465 nm. Then, the infrared and blue portions
are separated with beamsplitter BS2. The 465-nm light passes
through a halfwave plate while the infrared part passes a delay
stage before both beams are recombined and focused into a
0.5-mm-thick BBO crystal for type-I sum-frequency generation
(SFG) of light at 311 nm. The 311-nm beams from both arms
are subsequently superimposed on the 50% beamsplitter BS4.

To generate a beat signal between the two UV beams with
optimized SNR, several essential requirements need to be ful-
filled. First, in the THG arm, the blue and infrared pulses, which,
in general, are not temporally coincident due to dispersion, need
to be overlapped in order to achieve SFG. The required accuracy
in the setting of the delay stage used for this purpose is approx-
imately 20 m. Second, the UV light coming from both arms
needs to be monitored with a UV spectrometer to ensure that
they spectrally overlap with an accuracy of approximately 1 nm.
Third, at the same time, the angle of the nonlinear crystal in the
SHG arm needs to be tuned so that the amount of SHG light

Fig. 4. Setup for the measurement off .

Fig. 5. Radio-frequency spectrum of the beatnote between the SHG and THG
portions of the comb, showingf , its imagef � f , and the repetition rate.
Data were taken with a resolution bandwidth of 300 kHz.

that is not spectrally overlapped with the THG is minimized.
Nonspectrally matched components only add to the detected
noise level. Fourth, the two UV beams must be mode matched.
This requirement is difficult to achieve in free space as both UV
beams have travelled through several (nonlinear) optical compo-
nents and thus have beam profiles far from the ideal Gaussian.
Therefore, we use a single-mode fiber for 330 nm to spatially
filter both beams before detection of the beatnote with a pho-
tomultiplier tube (PMT). And finally, the two UV pulses also
must temporally overlap. This ensures that, in fact, the many
heterodyne beats between adjacent components of the second-
and third-harmonic frequency combs add up phase coherently.
An example of such a beat signal is shown in Fig. 5, where we
present the radio-frequency spectrum of the PMT signal over
the range from 0 Hz to the 1-GHz repetition rate. The signal at

as well as its image are visible. The signal usually
has a SNR of 22 dB in a 300-kHz bandwidth. The image signal
has a lower SNR because of the limited PMT bandwidth.

Having access to both degrees of freedom of our frequency
comb, we are able to phase-coherently link it to a microwave or
optical reference oscillator of our choice [19]. Here, we choose
the single-frequency light from a laser diode that has its fre-
quency THz (657 nm) locked to a high-finesse
Fabry–Pérot cavity. This stabilized laser diode is the reference
oscillator for the NIST calcium optical standard, so its frequency
can readily be locked to the narrow
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Fig. 6. Record of simultaneous frequency counter readings at gate time of 10 s of (a)f , (b) f , and (c) the repetition ratef of the phase-locked laser. Right
axis in (c) is equivalent to the left axis multiplied byn (the index of the mode that has been locked tof ) and allows inference of the temporal drift off .

clock transition in an ensemble of laser-cooled neutral
atoms [20], [21]. To link the comb to , is phase locked to
a synthesizer that is referenced to a hydrogen maser by acting
on the pump power via an acousto-optic modulator (AOM). Ad-
ditionally, a heterodyne beat signal between and the neigh-
boring comb component with mode element is
detected at frequency. For this purpose, we overlap the beam
passing through BS4 with the light from the laser diode on a
photodiode (see Fig. 4). is phase locked to a synthesizer by
acting on the cavity length of the femtosecond laser through a
mirror that is mounted onto a piezo-electric transducer (PZT).
The result is that the repetition rate is phase coherently linked
to as

(2)

With both degrees of freedom of the comb thus phase locked,
is monitored by focusing onto a photodiode the infrared light

that is reflected off of BS3. Furthermore, if we redefine the
origin of the comb, we can now rewrite (1) as

(3)

with being an integer (including zero). In this expression, we
see the effective origin of our frequency comb is and
the mode-spacing is, as always, given by the repetition rate (2).
Assuming that we stabilize both and to 0 Hz, which in
principle is always possible, it becomes apparent that indeed

as well as all optical frequencies of the comb are phase
locked to . More generally, it can be shown that even if
and have nonzero frequencies and the synthesizers used for
their phase locks are referenced to an independent microwave
standard (such as a hydrogen maser), both the accuracy and the
stability of and the are determined entirely by the optical

oscillator .1 In the case where is locked to the clock
transition of the Ca frequency standard, an optical atomic clock
with a microwave output is created, where the latter is the laser
repetition rate [6]. The phase noise and stability ofand the

will be addressed in Section II-C.

C. Long-Term Operation of the Optical Clockwork

The phase-coherent link of the frequency comb and its repe-
tition rate to is monitored by simultaneously counting,

, and with frequency counters operating at 10-s gate time
. The offsets of the counter readings from their phase-locked

values are displayed in Fig. 6 for all three channels. (The phase-
locked values are MHz and MHz, both de-
fined by the reference frequency used for the phase-locked loop;

Hz, defined by and the choices of
and ). The femtosecond laser usually maintains mode-locked
operation with power fluctuations below 1% for as long as the
pump laser is turned on without noticeable changes to the output
spectrum. As a result, the SNR of the signal is constant
and can be phase locked for arbitrary times. Fig. 6(a) shows
cycle-slip-free operation for 21 h until the pump laser was turned
off. Our ability to phase lock for long times depends on
whether we are able to compensate for the thermal expansion
of the laser baseplate with the PZT operation range, presently
limited to 1 m. To improve this ability, we employ an ac-
tive temperature control that keeps the laser baseplate at a con-
stant temperature slightly above room temperature. As shown
in Fig. 6(b), the phase lock on operated for 14 h with only
one cycle-slip at 4 h, i.e., 10 h of cycle-slip free data are
recorded. The reason for the failure at14 h is not clear, al-
though it is likely that the stabilization of to the Fabry–Pérot
cavity failed and prevented our feedback loop from tracking the
diode laser frequency. As represents a measurement of ,

1This statement is true as long as the absolute frequency uncertainty and sta-
bility (i.e., measured in Hertz) of the microwave standard are small compared
to those of the optical reference oscillator.
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the time record of the offset of from 998 092 449.54 Hz has
been multiplied with the mode number to give
the temporal drift of the Fabry–Pérot cavity used to stabilize

. This is shown on the right axis of the graph in Fig. 6(c).
The cycle slip in the feedback loop does not appear in the

record because the effect of the 120-mHz excursion in
results in an error of 260 nHz in , which is below our mea-
surement resolution. Evaluating the rms frequency fluctuation
of the phase locked and , we find that they impose an in-
stability of 6 10 in 10 s on the frequency comb, far below
the instability of .

With this, we have demonstrated the ability to count1.6
10 optical cycles at 456-THz frequency without ever losing
track of the oscillation. Also, our result implies that we can
carry out an optical frequency measurement relative to a mi-
crowave frequency standard (in this case the hydrogen maser)
with no invalid data points for an uninterrupted period of 14
h. As we move toward the operation of optical standards as
clocks, this ability becomes particularly important for measure-
ments where long averaging times are necessary to attain useful
data, as well as to test the long term stability limit of optical
and microwave frequency standards. The new broad-band laser
has thus far shown great potential as an optical-to-microwave
conversion tool that operates hands-off for periods approaching
one day. This step forward has been made possible by the fact
that difficulties with the long-term operation of systems based
on microstructure fiber can now be circumvented in an elegant
and practical way.

III. SYNTHESIS OF LOW-NOISE OPTICAL AND

MICROWAVE SIGNALS

The continuous pursuit of optical atomic frequency standards
over four decades has been motivated by the promise of im-
pressive stability and the related potential for improved accu-
racy [22]. These benefits ultimately stem from the use of narrow
resonances at very high frequencies. The stability of an atomic
frequency standard with frequency and linewidth scales
as , allowing optical standards to be potentially
10 times more stable than their microwave counterparts. A nec-
essary requirement for such optical standards is that a suitably
stable and spectrally narrow oscillator (i.e., a laser) be used to
probe the optical transition. This has led to the development of
visible lasers with subhertz linewidths and instabilities as low
as 4 10 at 1 s [23]. As will be discussed in further detail
below, such lasers are some of the best oscillators of any kind
that exist today.

Given that such stable low-noise optical oscillators presently
exist, the problem we now address in the context of this paper
is the use of the femtosecond-laser-based frequency comb to
transfer the properties of such oscillators across the optical spec-
trum and to the microwave domain as well. In short, stabiliza-
tion of the femtosecond frequency comb to an optical standard
can potentially be used to transfer the desirable properties of
the optical standard to each of the modes of the comb. The var-
ious difference frequencies (i.e, and its harmonics) between
the comb elements should then, in principle, possess the same
properties of the optical reference oscillator. Here, it is worth

pointing out the difference between our approach and the pow-
erful “transfer oscillator” approach introduced by Telleet al.
[24], [25]. In their scheme, a clever choice of frequency mix-
ings effectively eliminates the noise properties of theunstabi-
lized femtosecond laser when it is used for comparing widely
separated optical frequencies or even optical and microwave fre-
quencies. The uncertainty of their technique for optical-to-op-
tical comparisons has been verified at the level of1 10
[25]. In contrast, the approach we take here is to attempt to
tightly stabilize (phase lock) the entire femtosecond comb to
the optical standard. The more general end result is the simul-
taneous creation of half a million stable frequency modes with
narrow linewidth that can be used for spectroscopic references
and frequency measurements, or even for direct time- or fre-
quency-domain spectroscopy [26], [27]. In earlier work [6], [8],
we have shown that thestability of an optical atomic oscillator
can be transferred to the modes of a femtosecond comb to the
level of 6 10 in 1 s. However, this same level of transfer
instability has not yet been achieved for, and the extent to
which the narrowness of the optical oscillator is transferred to
each of the femtosecond comb teeth has not been explored. In
what follows, we will present the current status, the known lim-
itations, and our perspective of the potential that can still be re-
alized in this area.

A. Comparison of Independent Optical Frequency Standards
Via the Femtosecond Comb

In this section, we describe experiments that test our ability
to faithfully transfer the narrow frequency spectrum of an op-
tical standard to the elements of the femtosecond laser comb.
To accomplish this, we take advantage of the Hgand Ca op-
tical standards that exist at NIST. The Hgstandard consists
of a well-stabilized 563-nm (532-THz) dye laser whose second
harmonic is locked to the center of the 282-nm transition in a
single laser-cooled and trappedHg ion [23], [28]. The Ca
standard employs a well-stabilized diode laser that has its fre-
quency locked to the 657-nm (456-THz) transition in neutral

atoms that are laser-cooled and confined in a magneto-
optical trap [20], [21]. As discussed above, the femtosecond
laser spectrum of Fig. 3 has sufficient power at the 657-nm Ca
color for phase locking the comb; however, at the 563-nm wave-
length of the Hg standard, there is less than 100 pW per mode,
which results thus far in a marginal SNR of 10 dB (300-kHz
bandwidth) for the heterodyne beat. For this reason, we use
the 1-GHz microstructure-fiber-based system that has been de-
scribed in detail in previous publications [8], [28], [29], [30].
While we anticipate that the noise properties of the broad-band
laser described in Section II will ultimately be superior, it is not
evident that the microstructure fiber imposes any limitation at
the current level of measurement precision.

In this experiment, of the femtosecond comb created
from nonlinear broadening in microstructure fiber [13] is phase
locked at 244 MHz to a signal derived from a hydrogen maser
using feedback to an AOM in the path of the pump beam. The
bandwidth of this loop is limited to 200 kHz by the transit
delay of the acoustic wave in the AOM. One of the comb teeth
near 563 nm is then heterodyned with the dye-laser light of
the Hg standard, which is delivered to the femtosecond laser
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Fig. 7. Spectral density of phase fluctuations of phase-locked offset frequency
f .

system by 180 m of single-mode optical fiber. The resultant
beat frequency, , is then phase locked at 574 MHz to a second
maser-derived signal using feedback to a PZT behind a cavity
mirror. Here, the loop bandwidth is limited to about 25 kHz
by the first mechanical resonance of the PZT/mirror structure.
The frequency spectra of these two phase-locked beats are
shown in Figs. 7 and 8. Although not directly shown here, the
linewidth of was measured to be at the millihertz level. To
further analyze the quality of the phase lock we have used
an independent 244-MHz signal and a mixer in the customary
manner to translate phase noise into voltage noise that we
then record with a high-resolution Fourier-transform spectrum
analyzer. The resulting single-side-band phase noise spectrum

of the phase locked beat is dis-
played in Fig. 7. The integrated phase noise between 0.004 Hz
and 100 kHz is 0.15 rad. This very low level is comparable to
what was reported in [31] and [32] and indicates that long-term
coherence of is possible with this high-repetition-rate
system.

Although we did not make a similar phase-noise measure-
ment, the spectra shown in Fig. 8 indicate that a tight phase lock
(millihertz level) can be accomplished also for. Fig. 8(a) and
(b) shows spectra on two different scales of the phase-locked

as recorded with a conventional RF spectrum analyzer. In
Fig. 8(a), one clearly sees evidence of noise being removed up
to the loop bandwidth. The peaks at 113 and 226 kHz are due
to amplitude noise on the pump laser at these same frequencies,
which is not fully suppressed by the servo. Fig. 8(b) is an ex-
panded view around the carrier, where we see the PZT resonance
at 22 kHz and some additional noise of acoustic origin at fre-
quencies less than a few kilohertz. With larger servo bandwidth
and improved environmental isolation of the laser, we should be
able to further suppress these features. Nonetheless, in the cur-
rent state a distinct carrier with good SNR is present, as seen
in Fig. 8(c). For this trace, an additional mixing with a synthe-
sizer was employed to shift to 1 kHz, which is within the
range of the Fourier-transform spectrum analyzer. The recorded
linewidth is measurement-limited at about 15 mHz. While they
are not fully orthogonal in their control, we see no evidence that

Fig. 8. Frequency spectrum of phase-locked beatf with the Hg standard.
(a) RF spectrum analyzer measurement with resolution bandwidth of 1 kHz.
(b) RF spectrum analyzer measurement with resolution bandwidth of 300 Hz.
(c) Measurement with a Fourier-transform spectrum analyzer having effective
resolution of 15 mHz.

the two phase-lock loops have a deleterious effect on each other.
To the contrary, we see a reduction in noise in thephase lock
when is also phase locked [see Fig. 8(b)]. Others have pre-
viously reported tight phase locking of [31], [32], but to our
knowledge, this is the first evidence that the control of both de-
grees of freedom of the octave-spanning comb can be at a level
significantly less than 1 Hz, relative to an optical standard.

With and thus stabilized to the Hgstandard, we can
make a first check of the linewidth of the other comb elements
by heterodyning a second comb tooth against the 657-nm light
from the Ca standard. The spectrum of this beat, as measured
with an RF spectrum analyzer, is plotted as the dashed line
in Fig. 9(a), with the same data plotted on an expanded fre-
quency scale shown in the inset. One factor contributing to the
frequency width of this heterodyne signal is the phase noise
(Doppler broadening) introduced by mechanical and thermal
fluctuations in the 180-m single-mode fiber that delivers the
563-nm laser light to the femtosecond laser. The 563-nm light
is spectrally broadened and the servo controllingthen trans-
fers the same noise to the femtosecond comb. To eliminate this
effect, an active noise cancellation servo has been implemented
for the 180-m fiber [33], [34], and in-loop data from this servo
indicate that the subhertz linewidth of the Hgstandard can be
delivered over fiber. The same effective heterodyne signal be-
tween the Hg and Ca standards with the Doppler cancellation
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Fig. 9. (a) Effective heterodyne of Hg and Ca optical standards via a
femtosecond comb that is frequency-stabilized to the Hgstandard. Two
traces were recorded when the Doppler cancellation for the Hgdelivery fiber
wasOFF (dotted line) andON (solid line). Inset shows the heterodyne with no
Doppler cancellation at an expanded scale. (b) Lower trace is an expanded view
of the solid line of plot (a). Linewidth is comparable to the measured spectral
broadening due to two trips of the Ca-stabilized light through 10 m of optical
fiber, which is shown in the upper trace. 10-Hz resolution bandwidth was used
for these measurements.

servo closed is plotted as the solid line in Fig. 9(a). As seen, the
noise cancellation has a dramatic effect, decreasing the mea-
sured linewidth by a factor of 25, down to about 150 Hz.

This 150-Hz linewidth provides proof that the modes of the
femtosecond laser comb can track the Hgstandard at this same
level. However, it is likely that the modes of the comb are even
narrower, as both the 10 m of optical fiber that transports the Ca
light to the femtosecond laser and the linewidth of the Ca-stabi-
lized 657-nm diode laser also contribute to the measured 150-Hz
linewidth. Independent measurements place a generous upper
limit of 100 Hz on the diode laser linewidth. The 10-m op-
tical fiber also introduces broadening at about this same level as
shown in Fig. 9(b). To measure the fiber-induced broadening,
stabilized light from the Ca experiment was sent through the
10-m fiber, frequency-shifted by an AOM, and returned through
the same fiber to beat against the source. This heterodyne is
displayed as the upper trace in Fig. 9(b). For comparison, the
lower trace again shows the 150-Hz linewidth of the Ca–Hg
effective beat described above [i.e., the solid trace of Fig. 9(a)].
The linewidths are comparable. Although the fiber noise results
from two trips through the 10-m fiber, the linewidth due to a
single pass is still expected to be well above 75 Hz. It is clear
that Doppler cancellation is also required on even the relatively
short 10-m fiber link if we are to resolve the true linewidth of
the effective beat between the Hgand Ca standards. More rig-
orous tests of the femtosecond comb are also required. While
the spectra of Figs. 7–9 offer evidence that the comb teeth are
narrow, this can be verified unambiguously by heterodyning two
independently stabilized frequency combs and measuring these
linewidths across the broad optical spectrum. Such measure-
ments are in progress.

Fig. 10. Comparison of the phase noise spectrumL(f) of various precision
oscillators and synthesizers at 1 GHz. Where necessary, multiplication
or division of the phase noise from the usual carrier frequency for each
device has been accounted for: (a) low-noise quartz oscillator; (b) low-noise
RF/microwave synthesizer; (c) sapphire loaded cavity oscillator; (d)
projected phase noise of Ca optical standard with Allan deviation of
6�10 � + 2� 10 � ; (e) projected phase noise of visible laser
that serves as reference for the Hgoptical standard based on the measured
Allan deviation of 1.5� 10 � + 4� 10 ; (f) optical pulse train output
of femtosecond laser synthesizer; and (g) microwave electronic output of
femtosecond laser synthesizer.

B. Generation of Low-Noise Microwave Signals

It is of interest to also know how well the femtosecond comb
transfers the properties of the optical standards into the mi-
crowave regime (i.e., to ) and what potential exists if we are
successful in this endeavor. As a point of reference, Fig. 10 dis-
plays the single-side-band phase-noise spectrum of sev-
eral oscillators, frequency standards, and synthesizers from both
the optical and microwave domains. In this plot, comparison is
made at a 1-GHz carrier frequency, so where necessary multipli-
cation or division of the phase noise from the usual carrier fre-
quency for each device has been accounted for. Curves (a)-(c)
show typical values of for a high-quality quartz crystal
oscillator, a low-noise commercial RF/microwave synthesizer,
and a sapphire-loaded cavity oscillator (SLOC). This type of
sapphire oscillator is recognized as one of the lowest noise mi-
crowave sources that exist. For comparison, curves (d) and (e)
show the projected phase noise of the Ca optical standard as well
as the cavity-stabilized laser oscillator for the Hgstandard. If
their properties can be successfully transferred to 1 GHz, these
optical sources potentially offer phase noise across the spectrum
lower than that of the best microwave sources, and a potential
decrease below 1 kHz of 30 to 60 dB. Clearly, there is a large
potential payoff in the phase noise levels offered by optical stan-
dards and oscillators compared to the best existing microwave
options.

An important question, then, is how well the femtosecond
frequency comb is able to transfer the excellent noise properties
of these optical oscillators to the microwave domain. Curves
(f) and (g) of Fig. 10 show the current level of performance at
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1 GHz. Curve (f) is the measured residual phase noise of the
femtosecond synthesizer when one examines the optical pulse
train output. Curve (g) is the measured residual phase noise of
the femtosecond synthesizer when one examines the microwave
(electronic) output. These data were obtained by phase locking
the combs of two different mode-locked lasers to a common
stabilized laser diode and comparing their emerging pulse
trains. In one case, (f), an optical nonlinear cross-correlation
measurement, was employed and in the other case, (g), the
two pulse trains, was photodetected to provide 1-GHz signals
that are subsequently compared in an electronic mixer. Further
experimental details are given in [35]. It is worth noting that
the contribution of the phase-locking system to the noise at
from the femtosecond laser is still well below that of curves (f)
and (g). For the case of the lock, this can be determined by
subtracting approximately 110 dB from the trace of Fig. 7.

Comparison of curves (f) and (g) to the others shows the en-
couraging results that are already obtained at this early stage as
well as the potential for continued improvement. The residual
phase noise of the optical pulse train output of the femtosecond
laser synthesizer is already at a level that begins to approach
the projections of the optical standards themselves, at least for
frequencies below 100 Hz. Corresponding time-domain mea-
surements demonstrated an instability of the femtosecond laser-
based synthesizer of2 10 ( measured in seconds)
[35], which is consistent with instability calculated from the in-
tegration of curve (f). The excess noise in the range from 0.1 to
1 kHz is attributed to undamped mechanical vibrations in the
laser and the measurement system that do not pose a funda-
mental limitation, and the high-frequency noise floor is believed
to be that of the measurement system.

Of greater significance is the30 dB increase in phase noise
that arises in the photodetection process when the optical pulse
trains are converted to electronic signals [curve (g)]. As dis-
cussed in more detail by Ivanovet al. [36], amplitude-to-phase
noise conversion and pointing instability may be sources of this
excess noise. However, spatial filtering in optical filters and ac-
tive stabilization of the optical power reaching the detectors still
has not yet allowed us to reduce the the level of phase noise
to that of curve (f). Clearly, this is an interesting and impor-
tant problem that needs to be understood if the full potential
of the femtosecond-laser-based synthesizer is to be realized.
However, it is significant that even in the present situation, the
residual phase noise above 10 Hz on the microwave output of
the femtosecond-laser-based synthesizer is better than that of
high-quality crystal quartz and microwave synthesizers. Indeed,
time-domain measurements and integration of curve (g) verify
that the microwave output of the femtosecond synthesizer can
support instabilities of 2 10 , which is a level attained
by only a few microwave sources.

IV. CONCLUSION

In this paper, we have provided a description of some
state-of-the-art femtosecond laser tools and have offered our
perspective on where and how they can be of value in the
rapidly evolving field of optical frequency metrology. With a
high-repetition-rate femtosecond laser that directly emits a very

broad spectrum, we have demonstrated a robust clockwork that
will ultimately allow optical clocks to operate for near-indef-
inite periods. We have also demonstrated that the linewidth
of a very narrow optical oscillator can be transferred to the
elements of a femtosecond comb at a measurement-limited
level of 150 Hz. Measurements of the phase-lock loops
controlling the femtosecond comb indicate that the linewidth
of the comb teeth could actually be less than 1 Hz. Finally,
we have shown that the femtosecond laser can function as a
low-noise synthesizer in transferring the properties of optical
standards to a microwave frequency of 1 GHz. While there is
still much progress to be made in this area, we believe that
optical frequency standards combined with femtosecond lasers
will be legitimate low-noise microwave sources, challenging
and surpassing the performance of the best current microwave
standards.
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